growth on this structure has also been performed, and we found that no epitaxial growth could be achieved and the underneath structure was little disturbed.
Introduction
B/Si surfaces have received much attention recently. For boron on Si(ll1) surface, although as other Group-III metal atoms (e.g. Al, Ga, and In), it can form stabilized (d3 x 43) R 300 reconstruction, where these metal atoms are located on the T4 adatom sites, that is, the adatoms are located on the top of the second layer Si atoms, it distinguishes itself by the capability of forming the same type of reconstruction but with an unique configuration. ; --(l-41 A number of studies using scanning tunneling microscopy (STM), x-ray diffraction as well as low energy energy diffraction have recently determined that the thermally stablest configuration for B on Si(ll1) is that boron atoms occupy S5 sites (i.e. Si is this case occupy the T4 sites while boron atoms are located right underneath the Si adatoms). This configuration has also been predicted by theoretical calculations. [8] Such a reconstruction can be generated by annealing the B-covered surface and/or Si substrate with high B doping concentration at high temperature. It is of great interest from scientific point _ of view to understand the electronic structure of this new surface structure, where photoemission can play a major role.
Another interesting aspect of the B/Si structure is that it provides the opportunity to create = ._ an atomically sharp doping layer, so-called delta doping, by growing epitaxial Si overlayer on top of this structure. [9, 10] In fact, it has been reported recently that such a delta doping structure can be realized for the B/Si(lOO) when the B layer underneath the -epitaxially grown Si film is 100% electrically activated. [9] It offers a great opportunity in semiconductor industrial applications. The B/Si structure also offers possibility of forming the atomic scale negative differential resistance device. [ 111 Therefore, not only does such . .,~ a structure bear scientific interest, it has great potential in industrial applications as well.
__-. :-&:  -; -2-In this work, we carried out a high resolution photoelectron spectroscopic study of the B/Si structure focusing on understanding of the electronic structure of the B/Si(lll)- (d3 x d3) surface, particularly the modification of the electronic structure as the deposited metal atoms going from T4 configuration to S5 configuration. The results are also compared with other group III metal atoms as well as Si terminated Si(l1 l)-(43 x 43) surfaces, where these atoms occupy only the T4 sites. [l-3,12,13] Growth of Ge overlayer on the B/Si structure z --was also conducted and compared with the growth on other group-III metal terminated surface. It is one of few model systems to investigate the growth condition and the role of surface energy plays during the epitaxial growth process. A similar study has also been carried out for the B/Si(lOO)-(2 x 1) structure although we will concentrate on the results . .
and discussing of the B/Si(lll)-(\/3 x 43) systems in this paper. Some of the results from the-.B/Si(lOO) studies will be mentioned when appropriate while the detailed studies will be pu.b%shed elsewhere. _
Experimental
The experiments were conducted at the Stanford Synchrotron Radiation Laboratory (SSRL) = -.on both beam line III-1 with a grasshopper monochromator and beam line VIII-l with a toroidal grating monochromator. A VG ADES 400 angle resolved photoemission ultra vacuum chamber equipped with a hemispherical spectrometer and an angle integrated -photoemission system with a double pass cylindrical analyzer (CMA) were used. The combined energy resolution was less than 0.25 eV for the angle resolved system with angle resolution about 20, where Si 2p core level and valence band spectra were taken. The . ~~ surface reconstruction was characterized by an in situ LEED optics. The Si(ll1) wafers *: -; were cleaned before inserted into the UHV systems with base pressure around 2 x lo-lo torr.. They were outgassed at -6OOOC and at low pressure for few hours. The clean -3-surfaces were finally generated by heating up to 1oooOC for short period of time. Sharp (7 x 7) LEED patterns were observed afterwards. The high temperature annealing was achieved through an e-beam heating. Boron deposition was accomplished through evaporation of solid B2O3 mounted on a tungsten filament while the Si wafers were held at about 5OOOC during deposition, and the thickness was calibrated by the evaporation rate read from an in situ crystal thickness monitor. The photoemission spectra and LEED show &at a 700%post annealing desorbs oxygen from the system and generates a sharp (d3 x 43 jR300 surface reconstruction. This reconstruction sustains with the annealing temperature up to 95OOC. We will show later on that although the LEED pattern does not change in this temperature range the detailed atomic arrangement can change rather . ~-tuip.&urface components on the two sides and it is generally established that they originate *: -; from the surface Si atoms. After B deposition followed by 7OOT annealing, two surface states seen in curve (A) vanish. Now the computer fitting shows that the new spectrum -59 consists of two components 0.45 eV apart, When we varied the photoelectron probing depth by changing the incident photon energies, the low binding energy component is identified as the contribution from the substrate, while the high binding energy one is assigned as a B-related Si component. As stated before, this time the surface already shows a (d3 x 43) reconstruction and all the deposited boron atoms are incorporate with the substrate. When the annealing temperature is increased from 7OWC to 8OOoC, LEED ; --pattern remains unchanged, and one sees increase of intensity of the B-related component.
It is also interesting to note that the B-related component is even stronger in intensity than that of the bulk component. Here we further argue that this component originates from the Si which bonds to B atoms that sit on the S5 sites. STM study suggests that with low . . temperature annealing surface boron atoms can occupy T4 sites, as other group-III metal atoms.
[4]-It is essentially because formation of the B-S5 configuration involves break of thesubstrate Si-Si bonds. Therefore even B-S5 is the most thermodynamically stable structure predicted by the theoretical calculations it is not a kinetically favorable one. While the boron atoms occupy the T4 sites, they basically saturate the three Si dangling bonds without creating a new one, a behavior shared by all other group-III metals.
Spectroscopically, the original surface states of the clean Si surface vanish and no = ._ additional component will appear. This is exemplified by spectrum (E) that is taken from a Ga-terminated Si-(d3 x d3) surface. On the contrary, when B occupies the subsurface S5 site, a hole is generated. This prompts a charge transfer from Si which is located at T4 site -to the hole at the B-S5 site. Such a charge transfer is reflected by the new chemically shifted component shown in the Si 2p core level spectra in figure 2. When the temperature is raised from 7OOOC to 800%, B 1s intensity decreases, while intensity of the B-related Si It is interesting to compare the surface electronic structure of the (d3 x 43) surface but stabilized by different atoms. Shown in figure 4 are the valence band spectra at normal --. . emission for Ga/Si(lll)-T4, B/Si(lll)-S5, and Si/Si(ll l)-T4. For sake of comparison, the spectrum for the Si(lll)- (7 x 7) is also included. Notice that the A3 peak located at the same position for all the surfaces listed in this figure except Ga/Si-(43 x 43). It is worth -pointing out that for those surfaces Si adatoms are located at T4 sites and A3 feature has back bond nature. The surface state &, which is about a few tenth of eV in the higher binding energy direction to the surface state A3, is only observed on the B/Si- (43 x 43) . .,-surface and we believe that is associated with the B-S5 site. This observation appears to be __-.--*: -; consistent with the result of the theoretical calculation that total energy of the B-S5 configuration is lower (about 1 eV) than that of the T4 structure. [8] The surface related We also tried to grow Ge on the B/Si( 11 l)-(43 x 43) structures. It is, however, found that no ordered Ge layer could be grown on this structure and the Ge overlayer is in an = amorphous state while deposited and after low temperature annealing (<5OOOC). Higher temperature annealing of this structure results in Ge island formation. It is interesting to point out that the substrate (v3 x \/3) reconstruction is still preserved, suggesting that such -a reconstruction is highly thermally stable. In contrast, when Ge is deposited on the Ga terminated (v3 x \/3) surfaces and after mild annealing, the substrate structure is largely disrupted. Most Ga segregates from the interface while the deposited Ge atoms diffuses in . .,~ to-make direct contact with the substrate Si and to form (5 x 5) reconstruction, which has -c--; been observed for direct Ge deposition on the clean Si(lll)-(7 x 7) surface, The difference of these two growth modes roots from the surface energy of the substrate
The B/Si(l 1 l)-(43 x 43) structure has much lower surface energy compared with clean Si and Ge so that one would expect formation of cluster and islands when Si or Ge is deposited on this structure. On the other hand, the Ga terminated surface appears to have higher surface energy compared with either Si or Ge. More uniform layer is expect to grow on this structure. With the capability that Ga tends to diffuse out, leaving the . .
remaining dangling bonds to be filled by the incoming species, it has the potential to act like ; .--surfactant in the Si, Ge epitaxial growth. In fact, it has been reported recently that one might be able to epitaxially grow Si and Ge layer on a slightly modified Ga-terminated Si
Although it is unlikely that one could grow epitaxially Si and Ge film on the B/Si( 11 l)-(43 x-43) surface to accomplish delta doping, uniform amorphous Si and SiOx layer has been re'cently grown on this structure, and it is interesting to notice that the buried B layer does _ turn into acceptor so that the delta doping can be partially accomplished in this case. 
Conclusions
. .,-We-have studied B/Si( 11 l)-(d3 x v3) structures generated by depositing B2O3 followed by *-.
-; high temperature annealing. As a function of annealing temperature, the system goes from B terminated structure (B occupies T4 sites) to sublayer B stabilized structure (B occupies -10. reconstructions are found to be similar to each other in terms of the main feature as well as their dispersion as a function of surface momentum. A distinct feature from B-S5 structure (A4) has been seen, which has not observed for other (d3 x 43) structures, and we tentatively~assign it to be S5 site related features. Finally, we have grown Ge layers on the B-55 structure and compared it with the growth on the Ga-terminated structure. It is found . _ that no epi-growth could be achieved for the B-S5 structure and this structure is highly thermally stable. On the other hand, epitaxial growth can be accomplished on the B/Si(lOO)-(2 x 1) structure with the buried B layer acting like acceptor so that delta doping could be achieved. 
